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Introduction: This study investigates the key controlling factors of the
occurrence state of deep coalbed methane (CBM). CBM is an abundant energy
resource in China, particularly in deep coal seams. However, the exploration and
development of deep CBM face numerous challenges, and the understanding of
the controlling factors of its occurrence state is still limited.

Methods: The study reveals that deep CBM primarily exists in the form
of adsorbed gas and free gas within the pore-fracture system of coal
Factors such as formation temperature, formation pressure, pore structure, and
water saturation collectively influence the occurrence state of deep CBM. By
employing the Simplified Local Density (SLD) model and molecular simulation
methods.

Results and discussion: This study examines the impact of two external
geological control factors (formation temperature, formation pressure) and
three internal geological control factors (pore size, water saturation, Specific
surface area) on deep CBM and establishes a theoretical model for gas content.
Finally, the relationship between the adsorbed gas, free gas, total gas content,
and burial depth is calculated using the model, uncovering the primary factors
controlling the occurrence state of deep CBM. This research is of significant
importance in providing key parameters for gas content in deep coal and
optimizing deep CBM exploration.

deep coalbed methane, occurrence state, controlling factors, simplified local density
model, molecular simulation

1 Introduction

China possesses abundant CBM resources, particularly in deep coal seams. CBM
resources with depths exceeding 1,000 m account for 63% of the total proven resources
(Geng et al., 2018). However, the exploration of deep CBM poses significant challenges,
and the theoretical foundation for its development is relatively weak. There is insufficient
understanding of the key controlling factors of the occurrence state of deep CBM. Deep
CBM primarily exists in the coal matrix’s pore-fracture system in the forms of adsorbed gas,
free gas, and dissolved gas (Yao et al., 2014; Liu et al., 2018; Li et al., 2022). Therefore, it is
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crucial to identify the primary controlling factors of the occurrence
state of deep CBM for the optimal selection of sweet spots in deep
CBM development.

Deep CBM reservoirs exhibit significant high-temperature and
high-pressure characteristics. Moisture is also commonly present in
CBM reservoirs, which can influence the occurrence state of coalbed
gas. Furthermore, compared to shallow CBM reservoirs, deep
CBM reservoirs are primarily dominated by micropores. Under the
combined effects of high temperatures and formation pressures in
deep geological formations, microfractures close, porosity decreases,
and the heterogeneity of pore structures diminishes (Shen et al.,
2014). Over the past few decades, researchers have been studying
various controlling factors that impact CBM (Qin and Shen,
2016; Wang and Zhang, 2021; Yeetal, 2021; Tambaria etal,
2022) proposed that in deep CBM reservoirs, the coupling
relationship between formation pressure and temperature controls
the adsorption characteristics of coal seams as the burial depth
increases. Specifically, in shallow depths, the positive effect of
pressure on the adsorbed gas content in coal seams is observed.
However, as the burial depth increases, the negative effect of
temperature on the adsorbed gas content outweighs the positive
effect of pressure. Sun etal. (2017) discovered that in the interior
of the Baijiahai uplift in the Junggar Basin, deep CBM reservoirs
with large, medium, small, and micropores are developed. The coal
matrix exhibits strong adsorption energy and can accommodate a
considerable amount of adsorbed gas, resulting in the coexistence
of adsorbed and free gas reservoirs. Wang et al. (2020) found that
moisture has a negative impact on the adsorption characteristics of
coal seams. Moisture within the coal occupies methane adsorption
sites and blocks the pores. In general, the occurrence state of
deep CBM is influenced by factors such as formation temperature,
formation pressure, pore structure, and water saturation. Currently,
many researchers have studied the impact of specific controlling
factors on deep CBM through experimental methods (Wang et al.,
2020). However, due to the heterogeneity of experimental samples
and limitations of the experimental methods, it is challenging
to quantitatively characterize the influence of various controlling
factors on the occurrence state of deep CBM using experimental
approaches.

In recent years, with the advancement of numerical simulation
methods, various theoretical approaches have been developed to
study the adsorption characteristics of CBM, such as the Simplified
Local Density (SLD) model (Qietal, 2019; Huangetal.,, 2022;
Pang et al., 2022), molecular simulation (Meng et al., 2018; Bai et al.,
2021), and density functional theory (Yan and Yang, 2005). The
SLD model, proposed by Rangarajan et al. (1995), considers that the
adsorption effect is jointly influenced by the fluid-fluid interactions
among adsorbate molecules and the fluid-solid interactions between
adsorbate molecules and the adsorbent. To improve the accuracy of
the model under high pressures, (Fitzgerald et al., 2003) introduced
an empirical parameter to correct the excess volume parameter.
With this modification, the SLD model has been widely used to
investigate gas adsorption behavior in porous media.

Many researchers have successfully applied molecular
simulation methods to investigate the distribution of methane
molecules in different pore structures and the influence of various
controlling factors, such as water saturation, on the occurrence state
of CBM (Zhang et al., 2017; Hao et al., 2022; Yao et al., 2023).
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Although researchers have made significant explorations using
SLD model or molecular simulation methods to study the
occurrence state of coalbed methane, these individual methods
still have some limitations when studying the influence of different
controlling factors on the occurrence state of coalbed methane.
For example, the SLD model cannot accurately characterize the
distribution of methane in different coal pore structures and
the effect of water saturation, which are important external
controlling factors on the occurrence state of coalbed methane.
Molecular simulation methods involve complex calculations and
idealized microscopic conditions, which may not be applicable
at a macroscopic level for gas adsorption in coalbeds, as they
differ from the actual coalbed environment. Therefore, it is
necessary to combine the strengths of both methods to conduct
related research and provide a diversified approach for studying
the primary controlling factors of the occurrence state of deep
coalbed methane.

This study investigated the impact of two external geological
controlling factors and two internal geological controlling factors
on the occurrence state of deep CBM using the SLD model
and molecular simulation, respectively. Subsequently, considering
the formation temperature, formation pressure, pore structure,
water saturation, and previous research findings, a theoretical
model for gas content was established. Finally, based on the
theoretical gas content model, the relationship between the
adsorbed gas, free gas, total gas content, and burial depth of
the coal seam was calculated, and the main controlling factors
influencing the occurrence state of deep CBM were discussed.
This research provides guidance for determining key parameters
of gas content in deep coal seams and optimizing sweet spots
for deep CBM.

2 Simulation methodology

2.1 The simplified local density (SLD) model

Rangarajan et al. (1995) proposed a Simplified Local Density
(SLD)
to simplify the general density functional theory. The SLD

model by employing the mean-field approximation

model considers that the adsorption effects arise from the
collective interactions between adsorbate-adsorbate and adsorbate-
adsorbent interfaces. Specifically, the fluid-fluid interactions
between adsorbate molecules and the fluid-solid interactions
between adsorbate molecules and the adsorbent are assumed
to jointly contribute to the adsorption effects. The fluid-fluid
interactions between adsorbate molecules are characterized
using a gas state equation, while the fluid-solid interactions
between adsorbate molecules and the pore walls are described
by a potential energy function. As depicted in Figure 1, the
SLD model simplifies the pores of the adsorbent into slit-like
pores, where an adsorbate molecule located at a distance of z
from one pore wall is positioned between the pore walls of a
pore with a width of L. The adsorbate molecule experiences
collective forces from both pore walls and the remaining
adsorbate molecules.

At adsorption equilibrium, the chemical potential of an
adsorbate molecule at position z is the sum of the fluid-fluid
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FIGURE 1
The Simplified Local Density (SLD) model.

chemical potential and the fluid-solid chemical potential, and it is
equal to the chemical potential in the bulk phase.

H(Z) :."lff(z)"'tufs(z) = Ppuik (1)

Where p1(z) is the chemical potential at the z position in the pore,
J-mol™'; z is the distance between the adsorbates and the pore wall,
nm; pg(z) is the fluid-fluid interaction chemical potential at position
z in the pore, J-mol™'; p(z) is the fluid-solid interaction chemical
potential at position z in the pore, J-mol *; y ;. is the bulk chemical
potential in the pore, J-mol .

According to thermodynamic equilibrium, chemical potential
can be expressed by fugacity in nanopores:

o= oD+ @
fo

i@
yff(z):yO(D+RTln< f;ﬁ ) (3)

Where p,(T) represents any reference state chemical potential,
Jmol™!; f, refers to the fugacity of any reference state, Pa; fy
and f g(z)are respectively the bulk fugacity and the adsorption phase
fugacity at z position in the pore, Pa.

In nanopores, the adsorbates are subjected to the force of the
pore walls on both sides, and the chemical potential generated can
be expressed as follows (Rangarajan et al., 1995):

U(2) = Ny 9 (2) + (L - 2)] (4)

Where NA is Avogadro’s number; ¥i(2) and WH(L-z) are the
potential energy generated by the interaction between adsorbates at
position z in the pore and the pore walls on both sides, J.

)

Where k refers to Boltzmann’s constant, 1.3806505 x 1072 J K.
The fugacity of the bulk phase and the adsorbed phase can

Eqs 2-5 can be obtained simultaneously:

(@) +y (L -2)

kT ®)

T = fou exp <—

be calculated using the Peng-Robinson (PR) equation of state in
academic terms (Qi et al., 2019; Huang et al., 2022).
The expression of excess adsorption amount is as follows:

Moy = 11.2ZAJuPPM[p(z) -p,ldz (6)

lower
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Where n,, is the excess adsorption amount, m®-.g"!; A is BET
specific surface area, m*kg'; The lower limit and upper limit
of the integral are respectively 3/80g and L-3/80g Z is the gas
compression factor.

2.2 Molecular simulation methods

Coal is an anisotropic porous material with a complex
physicochemical structure, abundant micro- and nano-scale pores,
and a high specific surface area, serving as the primary reservoir
for CBM. The study area is deep coal in the eastern Ordos Basin.
The main coal seam is developed in Taiyuan Formation, numbered
8#, and the coal rank is higher-rank. The molecular structure model
of high-rank coal (C184H155020N3S3) constructed by Wiser et al.
(1967) is considered to best reflect the molecular structure of
higher-rank coal (Long etal.,, 2022; Lin etal., 2023). The crystal
cell model was established using the Amorphous Cell module
and molecular dynamics simulation. Geometric optimization and
annealing techniques were employed to achieve global energy
minimization of the crystal cell. The optimized cell parameters were
a=b=c=2677 A, a=p=7y=90° The process of cell construction
is illustrated in Figure 2. Subsequently, the cell was expanded to a
1 x 2 x 2 supercell, and a vacuum layer of 5-80 A was added to
obtain the slit model of the coal molecule. The establishment process
of the slit model is depicted in Figure 2. It should be noted that in the
diagram of methane density distribution in the slit pore, we adopted
the center of the pore as the origin, and the distance on both sides
of the pore was expressed by positive and negative values, which is
a common method to describe the structure and properties of the
pore (Mosher et al., 2013; Xiong et al., 2017).

3 Samples and experiments

The samples are deep coal from the eastern Ordos Basin, and
the sampling depth is greater than 2000 m. According to various
test standards, porosity was measured by helium method, specific
surface area and pore diameter were obtained by low temperature
CO, adsorption experiment and low temperature N, adsorption
experiment, respectively. The low temperature CO, adsorption
experiment is to calculate the specific surface area of CO, adsorption
in coal pores at low temperature (273.15 K) and low pressure. The

frontiersin.org


https://doi.org/10.3389/feart.2024.1340523
https://https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Shi et al.

10.3389/feart.2024.1340523

FIGURE 2
Coal molecular matrix model and slit pore model.
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TABLE 1 Sample basic data.

Sample Porosity % ’ Mad % Aad % Vad % FCad % ’ BET specific surface area m?/g Pore size nm

88.33 78.11

82.58 112.92 8.62

TABLE 2 Gas content theoretical model parameters.

Porosity 9=7%

‘Water saturation S, =20%

Density pp=135g/em’

Ground standard temperature T, =30°C

Temperature gradient TH = 2.0, 3.0, 4.0 °C/100m

Pressure gradient PH = 0.85, 0.95, 1.05 MPa/100m

adsorption and desorption curves of N, in coal pores under low
temperature (77.4 K) and low pressure were used to calculate the
pore diameter. BET equation was used to calculate the specific
surface area (Brunauer et al., 1938) and BJH equation was used to
calculate the pore diameter (Barrettetal., 1951). Table 1 lists the
basic information of the samples.
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4 Results and discussions

The occurrence state of deep CBM is controlled by various
geological factors, which can be broadly categorized into external
controlling factors (formation temperature, formation pressure) and
internal controlling factors (pore size, water saturation, Specific
surface area). In this study, the SLD model is employed to simulate
the adsorbed gas content of deep CBM under the influence of both
external and internal geological factors. Additionally, molecular
simulation methods are utilized to calculate the adsorbed gas and
free gas densities under the influence of various controlling factors,
as well as their occurrence state within the coal pores.

4.1 External geological controlling factors
on the occurrence state of deep CBM

Temperature and pressure are significant external geological
controlling factors that influence the content of deep CBM. As
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FIGURE 3

The response of gas content in different occurrence states of coal seams to

the coal seam depth increases, the formation temperature and
pressure also increase, leading to a change in the dominant
controlling factors for the occurrence state of deep CBM.
Consequently, the proportion of adsorbed gas to free gas content
is altered.

As shown in Figure 3, when the pressure is 20 MPa and remains
unchanged, the adsorbed gas content gradually decreases with
increasing temperature. The adsorbed gas content at 120°C is
48% lower than at 30°C. This is due to the physical adsorption
of methane, which is an exothermic process. With increasing
temperature, the kinetic energy of the adsorbed methane molecules
increases, leading to a decrease in the interaction force between
methane and the solid surface. Consequently, the adsorption
capacity of coal weakens. As shown in Figure 3, at a pressure
of 20 MPa, the free gas content also decreases gradually with
increasing temperature. The free gas density at 120°C is 31%
lower than at 30°C. The influence of temperature on the free
gas is relatively smaller compared to the influence on the
adsorbed gas.

As shown in Figure 4, the response of Langmuir pressure and
Langmuir volume to temperature can be observed. It is evident from
the graph that temperature has a negative impact on the adsorption
capacity of coal. Both the saturation adsorption capacity exhibit
a linear decrease with increasing temperature, showing a high
level of linear correlation with good fit (R* = 0.9695). In contrast,
Langmuir pressure shows a linear increase with temperature,
demonstrating a good linear correlation (R* = 0.8702). When the
temperature increases from 30°C to 120°C, the saturation adsorption
capacity decreases from 37.69 cm®/g to 19.76 cm?/g, representing a
reduction of approximately 47.5%. Meanwhile, Langmuir pressure
increases from 2.33 MPa to 5.163 MPa, indicating an approximately
40% increase.

In different injection pressure ranges, the rate of gas content
increase can be divided into three stages: rapid, slow, and gradual
increase. During the rapid increase stage, CH4 molecules can
quickly adsorb onto high-energy adsorption sites. As the high-
energy adsorption sites become gradually occupied, the remaining
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low-energy adsorption sites start adsorbing CH4 molecules,
resulting in a slow increase in gas content. Subsequently, as the
low-energy adsorption sites become occupied, the adsorption
process approaches saturation, and the rate of gas content increase
becomes gradual.

As shown in Figure 5, at a constant temperature, the adsorbed
gas and free gas content increase with increasing pressure. The
adsorbed gas content shows a rapid increase at low pressures and
a more gradual increase at high pressures, in accordance with the
Langmuir equation. The increase in free gas content within the pore
space exhibits a linear trend with increasing pressure, conforming to
the gas state equation.

4.2 Internal geological controlling factors
on the occurrence state of deep CBM

The deposition of coal and the generation of CBM occur in
aqueous environments, and the influence of water content on the gas
content and occurrence state of deep CBM cannot be ignored. This
section analyzes the distribution of water molecules in coal under
different water saturation levels and further investigates the effects
of varying water saturation levels on the adsorbed gas and free gas
in coal reservoirs.

Coal is an anisotropic porous material with a complex pore
structure. The pore structure of coal itself affects the occurrence
state of deep CBM. This section analyzes the impact of reservoir
pore structure on the occurrence of adsorbed gas and free
gas in deep coal reservoirs. By varying pore size and specific
surface area, the characteristics of adsorbed gas and free gas
content under different pore structure conditions in coal reservoirs
are studied.

4.2.1 Water saturation

The distribution of adsorbed water in pores and the interactions
among liquid, gas, and solid phases influence the adsorption
characteristics of methane molecules in coal. At low water saturation
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The response of gas content in different occurrence states of coal seams

levels, there is a “competitive adsorption” relationship between water
molecules and methane molecules. However, the adsorption of
water molecules on coal is driven by hydrogen bonding between
water molecules and pore surfaces, while the adsorption of methane
molecules on pore surfaces is driven by van der Waals forces.
Hydrogen bonding is 5-10 times stronger than van der Waals
forces, causing water molecules to preferentially adsorb and occupy
the adsorption sites for methane, resulting in a decrease in the
adsorption capacity of methane molecules. As the water saturation
level increases, water molecules form a water film on the pore
surface and even exhibit capillary condensation in nanometer-sized
pores, leading to pore blockage. The formation and thickening
of the water film restrict the diffusion pathways of methane
molecules.

Figure 6 illustrates the adsorption sites of water and methane
molecules within the coal at low water saturation levels. Figure 6
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shows the position of methane and water molecules in the Z
direction of the model, and the ordinate shows the increase or
decrease in the density of methane and water molecules, where
the positive value represents the increase in the density of water
molecules and the negative value represents the decrease in the
density of methane molecules, that is, the methane adsorption site
occupied by water molecules. From the figure, it can be observed
that water molecules preferentially occupy the micro- and nano-
scale pores within the coal, and the density distribution of water
molecules in the coal closely corresponds to the reduction in
methane molecule density. This indicates a “competitive adsorption”
relationship between water and methane molecules, where water
molecules have a stronger adsorption capacity on the coal compared
to methane molecules.

As shown in Figure 7, with the increase of water saturation,
the gas content gradually decreases. For example, when the
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pressure is 15 MPa, the gas content decreases by 49.8% when
the water saturation is 49%. This indicates that water saturation
has a significant impact on the gas content in coal. The
gas density distribution within the pores reveals that water
molecules preferentially occupy the adsorption sites of methane
molecules. When a water film forms on a single sidewall
of a narrow pore, the density distribution curve exhibits a
single adsorption peak. However, when water films form on
both sidewalls, the adsorption peak disappears, and in a 4 nm
pore size, the adsorbed gas and free gas become mixed and
indistinguishable.

4.2.2 Pore size
As depicted in Figure 8, when the pore size is less than
2 nm, methane molecules almost completely fill the slit-like
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pores. As the pore size gradually increases, the density of
methane molecules within the pores remains nearly constant.
The density of methane molecules in the central region of
the pore is similar to that of methane molecules on the
pore wall surface, suggesting that methane molecules undergo
pore filling phenomena in micropores with a pore size
smaller than 2 nm.

As shown in Figure 9, when the pore size is greater than 2 nm,
the adsorbed gas density is almost unaffected by the pore size. When
the pore size is less than 4 nm, the free gas density is influenced
by both sidewalls of the pores, resulting in higher density values.
However, when the pore size is larger than 4 nm, the density of
free gas is almost unaffected by the pore size, and the density of
free gas is lower than the density of methane molecules on the
pore wall surface, indicating the absence of pore filling phenomena.
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Additionally, the methane density distribution for different pore
sizes reveals the presence of two adsorption layers on the pore wall
surface, suggesting that methane is adsorbed in a multi-molecular
layer form in pores larger than 2 nm. The results of the gas content
for different pore sizes show adsorption reversal phenomenon at
high pressures. At low pressures, due to the smaller pore size and
stronger binding energy within the small pores, methane molecules
preferentially adsorb, resulting in a higher gas content in models
with larger pore sizes. As the pressure increases, the adsorption
sites in the small pores become occupied, leading to a slower
increase in the adsorbed gas content and resulting in a phenomenon
where the gas content in larger pores is greater than that in
smaller pores.

4.2.3 Specific surface area

The CO, adsorption experiments provide insights into the
specific surface area, pore volume, and adsorption capacity
characteristics of micropores with sizes below 2 nm. The specific
surface area of coal in the local area was measured in the range of
65.76 to 135.29 m*/g, with an average of 106.86 m*/g. Based on these
measurements, four theoretical conditions were set at 65, 85, 100,
and 120 m?/g to analyze the impact of specific surface area on the
adsorbed gas and free gas in coal.

As depicted in Figure 10, increasing the specific surface area
does not alter the density of adsorbed gas and free gas. However,
it provides more adsorption sites for methane adsorption. At
120 m*/g, the gas content of adsorbed gas is four times higher than
that at 65 m?/g, indicating that a larger specific surface area leads to
higher gas content in terms of adsorbed gas. The change in specific
surface area has little impact on the content of free gas because free
gas primarily exists in pores and fractures without interacting with
the pore walls.
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4.3 Theoretical model of gas content

As mentioned in the previous section, the gas content of coal
seams is primarily controlled by the specific surface area, water
saturation, formation temperature, and formation pressure of the
coal seam. By integrating coal seam temperature, pressure, industrial
components of coal, rock physics experiments, and relevant research
findings from domestic and international sources, a theoretical
model for the gas content of deep coal adsorption is established.

upper

[p(0)— pyld

lower

", - 11.ZZAJ @)

In the model, the potential energy of solid-solid interactions
(g) is found to be a function of temperature and water saturation.
Through research investigations, it has been determined that in
deep coal, g exhibits the following functional relationship with
temperature and other conditions (Zeng, 2019).

e /kg = [(~0.0081V,; +0.55)(T - 308.15) + 0.39FC,; + 3.67] (

8
X[1+0073(Mgpc—S,)] )

In the equation, A,; represents the ash content, %. FC,y
represents the fixed carbon content, %. M, 4 represents the moisture
content, %. V4 represents the volatile matter content, %. Mgy;c
represents the equilibrium moisture content, %. S, represents the
water saturation, %.

Free gas is primarily stored in coal seam pores and
microfractures. Through analysis of internal and external geological
controlling factors, it is known that the content of free gas is mainly
influenced by pore size, water saturation, and temperature-pressure
conditions. Since pore size mainly affects the porosity of coal,
the content of free gas can be regarded as controlled by porosity,
water saturation, geothermal temperature, and formation pressure
conditions.

Currently, the calculation of free gas content in unconventional
oil and gas reservoirs is often based on gas state equations and
the principle of material balance. Based on previously established
models for estimating free gas content, an estimation of the free gas
content in deep coal reservoirs is conducted (Eqs 8-10).

1-8
Ny - p(1-S,) ©)
Py By
Where, Bg is methane gas volume coefficient.
P.ZT
B, = (10)
8 PT,,

The theoretical model of free gas content in deep coal seam can
be obtained by simultaneous upper formula:

_ (/J(l _SW)PTSC

= 11
f PstcZT ( )

As mentioned earlier, changes in the external geological control
factors of temperature and pressure significantly impact the content
of adsorbed and free gases in deep coal seams, while the internal
geological control factors can be considered constant within the
same study area. Based on this, the influence of these two factors
on the gas content of coal seams in different occurrence states
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The response of gas content in different occurrence states of coal seams to specific surface area

is discussed. Combined with the formation conditions of deep
coalbed methane reservoir in eastern Ordos Basin, three values
are assigned to the temperature gradient and pressure gradient,
representing the relationship between burial depth and the external
geological control factors. The temperature gradient is set to 2.0,
3.0, and 4.0 C/100m, while the pressure gradient is set to 0.85,
0.95, and 1.05 MPa/100 m (Table 2). When one of the two external
geological control factors change while keeping the basic parameters
constant, the variations in gas content of coal seams in different
occurrence states with depth can be obtained by combining Eqs 7,
11 (Figures 11, 12).

With an increase in geothermal gradient, the gas content of
adsorbed gas, free gas, and total gas in coal seams continuously
decreases (Figure 11). However, the influence of geothermal
gradient on adsorbed gas content, free gas content and total gas
content of coal seam is different. At shallow layer, the influence
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of geothermal gradient on adsorbed gas content is weak. With the
increase of buried depth, the influence of geothermal gradient on the
adsorbed gas content of coal seam increases gradually. The influence
of formation temperature on the free gas content of coal seam has
the same trend, resulting in the free gas content increasing with
the increase of buried depth, but showing a continuous decreasing
trend with the increase of geothermal gradient. The total gas content
of coal seam is affected by geothermal gradient in the same way as
adsorbed gas.

When the ground temperature gradient is unchanged, the
adsorbed gas content exhibits a trend of initially increasing
and then decreasing, and as the burial depth increases, the
differences in adsorbed gas content gradually increase. The
maximum adsorbed gas content decreases from 26.8 cm®/g to
23.01 cm®/g, corresponding to a decrease in burial depth from
1,291.5m to 890.2m. At the same burial depth, the free gas
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FIGURE 11

Response of gas content and buried depth to temperature in different occurrence states of coal seams.

content in coal seams shows a decreasing trend with an increase
in geothermal gradient, and as the burial depth increases, the
differences in free gas content also increase. If the burial depth is
the constant, the free gas content decreases exponentially with an
increase in temperature. The total gas content exhibits a similar
response to temperature as the adsorbed gas content, showing a
trend of increasing first and then decreasing. The maximum value
of total gas content corresponds to a decrease in burial depth from
2477 m to 1,176.8 m.
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With an increase in pressure gradient, the gas content of
adsorbed gas, free gas, and total gas in coal seams continuously
increases, but the differences between the two curves are relatively
similar (Figure 12). As the pressure gradient gradually increases,
the gas content shows little variation. The adsorbed gas content
in coal seams exhibits a trend of initially increasing and then
decreasing, with significant differences between 500 m and 1000 m.
The maximum adsorbed gas content increases from 24.04 cm®/g
to 25.22 cm®/g, corresponding to a decrease in burial depth from
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Response of gas content and buried depth to pressure in different occurrence states of coal seams.

1,072.3 m to 977 m. As the burial depth continues to increase, the
differences in adsorbed gas content gradually decrease, indicating
that burial depth is the dominant factor controlling the adsorbed gas
content in relatively shallow reservoir depths. As the burial depth
increases, temperature becomes the dominant factor controlling
the adsorbed gas content. At the same burial depth, the free gas
content in coal seams shows an increasing trend with an increase
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in pressure gradient, and the differences in free gas content remain
constant as the burial depth increases. If the burial depth is the same,
the free gas content linearly increases with an increase in pressure
gradient, indicating that formation pressure plays a dominant role
in the free gas content. The total gas content shows slight differences
in response to formation pressure compared to the adsorbed gas
content, exhibiting a trend of increasing first and then decreasing.
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The maximum total gas content is reached at 1555m, but as the
burial depth increases, the differences in total gas content gradually
approach a constant value.

In the vicinity of 750 m, the impact of geothermal gradient
on the total gas content within the tested range approaches
that of the pressure gradient. In shallow burial depths (<750 m),
there is minimal difference in the total gas content among
different geothermal gradients, and all show an increasing trend,
indicating that formation temperature is not the dominant factor
controlling the total gas content in coal seams. Generally, in
shallow burial depths (<750 m), the primary factor influencing
the total gas content in coal seams is formation pressure, whereas
in deeper burial depths (>750 m), the main factor is formation
temperature.

5 A comparison of the primary
controlling factors of the occurrence
state of deep CBM and shale gas

Shale gas and deep CBM both belong to self-generated and
self-stored unconventional natural gas, sharing many similarities
in terms of geological conditions and occurrence environments.
Factors such as pore structure, temperature, and moisture are also
primary controlling factors influencing the occurrence state of shale
gas (Gasparik et al., 2014; Merkel et al., 2015; Shabani et al., 2018;
Hu et al,, 2021; Zhang et al., 2023; Cui et al., 2024). However, there
are also some differences between them. Unlike coal, which is
primarily composed of organic matter, shale consists not only of
organic matter but also of inorganic minerals such as illite and
montmorillonite (Shi et al., 2023). In addition to being adsorbed
on the surface of organic matter, shale gas can also be adsorbed
on the surface of clay minerals. Deep coal and shale also exhibit
certain differences in pore structure. Pore structure influences the
occurrence state and micro-distribution characteristics of methane
(Hu and Cheng, 2023). Shale reservoirs are ultra-tight with diverse
pore types, predominantly consisting of micro-nano-scale pores,
while coal reservoirs have a dual pore structure composed of
pores and fractures, with medium-small pores and micro-pores
being dominant, and a wide distribution range of pores. Therefore,
further research can compare the influences of mineral composition
and pore structure distribution on the occurrence state of deep
CBM and shale gas, providing insights into their respective
mechanisms.

6 Conclusion

(1) External geological controlling factors, namely temperature
and pressure, significantly affect the adsorbed gas and free gas
content in deep coal seams. Among the internal geological
controlling factors, pore size has a minor impact on the
adsorbed gas content, but an increase in pore size leads to
larger pore space, providing more accommodation space for
free gas and thus having a greater influence on the free
gas content. Changes in specific surface area increase the
adsorption sites for methane molecules in coal, resulting in an
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increase in adsorbed gas content, while having no significant
effect on the free gas content. The water saturation in coal
seams affects both the adsorbed gas and free gas, primarily
by occupying the adsorption sites of methane molecules,
leading to a decrease in adsorbed gas content, and by forming
water films that occupy the reservoir space of free gas as the
water saturation increases, resulting in a decrease in free gas
content.

In the same study area, there are differences in the influence
of geothermal gradient and pressure gradient on the total
gas content. The adsorbed gas is predominantly influenced
by positive pressure effects in shallow depths and negative
temperature effects in deeper depths. The response of free
gas to formation pressure is evident under different burial
depth conditions, while its response to temperature exhibits
exponential decay. In shallow burial depths (<750 m),
formation pressure is the primary factor influencing the
total gas content in coal seams, whereas in deeper burial
depths (>750 m), formation temperature becomes the main
influencing factor for the total gas content in coal seams.
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